An international collaborative effort has recently uncovered the genome of the zebra finch, a songbird model that has provided unique insights into an array of biological phenomena.
The study of songbirds has revealed a variety of funda mental properties of biological systems. In particular, neurobiological studies carried out in songbirds have revealed the presence of newly born neurons in the adult brain, how steroid hormones affect brain development, the neural and mechanistic bases of vocalizations, and how experience modifies neuronal physiology. More evidently, however, songbirds have been extensively used as a model for imitative vocal learning, a behavior thought to be a substrate for speech acquisition in humans [1, 2] . Now an international consortium has unveiled the genome of the zebra finch (Taeniopygia guttata, Figure  1 ), along with a multilayered analysis of its sequence [3] . Sequencing the zebra finch genome was initiated in 2005 under the Large Scale Genome Sequencing Program of the National Human Genome Research Institute [4], leveraging prior work in the research community characterizing the zebra finch brain transcriptome [57] . These initiatives, along with new zebra finch genome sequences, have resulted in the complete genome sequenced with 17,475 proteincoding genes identified, as well as regu latory regions and noncoding RNAs. The annotation and sequence coverage of the zebra finch genome will certainly be refined in the years to come, but the initial endeavor is expected to provide a unique platform for modern genomics research in this organism. Further more, this initial snapshot of the songbird genome should provide critical insights into fundamental scientific ques tions, including an array of physiological and evolu tionary processes. Here, I review some of the most exciting findings of this pioneering effort.
Development and the brain
The zebra finch genome project [3] has revealed that nearly 10,000 genes are expressed in the forebrain of juvenile birds (50 days after hatching; within the critical period for vocal learning) and adult birds, with an overlap of approximately 91% across these age groups. These results indicate that up to 60% of the genes in the genome are expressed in the brain at any one given time. These findings also suggest that a significant fraction of protein coding genes (9%) are developmentally regulated in the songbird brain, consistent with previous observations obtained with forward genetic approaches.
Sensory-and motor-regulated transcripts
Auditory experience, a fundamental consequence of social interactions within and across songbird species, had been previously shown to strongly affect gene regulatory events in the auditory forebrain [8] . It was found [3] that in the auditory forebrain of animals in silent conditions, approximately 40% of the detected transcripts are noncoding, indicating that regulatory microRNAs may have a central role in brain homeostasis. When birds were stimulated with playbacks of recorded song, thousands of transcripts were upregulated or downregulated [9] , and analyses of their genomic sequences revealed that roughly twothirds of the down regulated transcripts were noncoding RNAs. Further more, known and novel microRNAs were found to be expressed in the auditory forebrain, and their binding sites were detected in the untranslated regions of regulated genes.
Singing behavior also drives robust gene expression programs in structures of the song control system, a specialized brain network required for sensorimotor integration and vocal output [5, 10] . By using a microarray platform with oligonucleotides generated as part of this project, the songbird genome consortium [3] was able to uncover a series of transcriptional regulators whose expression was modulated by the act of singing. Changes in transcription factor expression that occurred early after singing were strongly correlated with later modifi cations in the expression patterns of groups of their predicted target genes [3] . In fact, many of these targets have been identified for the first time and will now enable researchers to develop testable hypotheses about the gene regulatory interactions that are induced during a learned behavior.
Overall, these findings [3] highlight the role of micro RNAs and noncoding RNAs in the control of gene expression in the songbird brain, in addition to the active regulation of transcription factors and their respective target genes. When comparing hearingdriven transcripts with genes thought to have been positively selected in songbirds, a significant overrepresentation of genes encoding ion channels was uncovered [3] , consistent with robust and complex expression patterns of ion channel associated transcripts in stations of the songcontrol circuit [11, 12] .
Genes gained, genes lost
The unveiling of the zebra finch genome also provides exciting insights into the evolution of avian and mamma lian species. As detailed by the consortium authors [3] , the genome lacks genes that encode milk, salivary and vomeronasal receptor proteins, similarly to what has been documented for the chicken, a nonvocallearning avian species whose genome was uncovered 6 years ago [13] . Curiously, similarly to chickens, zebra finches lack the synapsin I gene, which encodes a phosphoprotein involved in the regulation of neurotransmitter vesicle availability in presynaptic membranes. This finding suggests that the synaptic transmission machinery differs between mammalian and avian species, although it is not clear if such molecular changes translate into functional modifications at the systems level.
Duplications of a variety of genes relative to chickens or humans, including growth hormone and caspase3, the latter of which is associated with the induction of apoptosis, and gene family expansions, including of the PAK3 and PHF7 genes, which are involved in dendritic plasticity and transcriptional regulation, respectively, were also found in the zebra finch genome [3] . Interestingly, multiple duplications of the PHF7 gene seem to have occurred independently in zebra finches and chickens, suggesting that some aspects of trans criptional regulation may have been under evolutionary pressure in avian species. Whereas these avian lineages have groups of 17 and 18 PHF7 genes, respectively, the human genome has been shown to contain only one PHF7 gene [3] .
Finally, the zebra finch genome was found to have a significant fraction of transcribed mobile elements and a higher degree of intrachromosomal rearrangement relative to chicken. An example detailed by the consor tium authors [3] refers to genes of the major histo compatibility complex, which are scattered across several chromosomes in the zebra finch genome; in the chicken and human genomes, such genes have a well established syntenic organization. Despite these informa tive species specific differences, the population of coding genes and the syntenic organization of the zebra finch genome were found to be highly similar to that of the chicken and, in many respects, to that of humans.
An exciting future for songbird biological studies
As a result of the pioneering efforts of the consortium and in addition to the sequencing and annotation of the genome, an array of publicly available resources and tools has been developed for songbird studies. These include normalized and subtracted cDNA libraries and bacterial artificial chromosome libraries, a largely complete set of annotated expressed sequence tags, and a microarray platform [3, 6, 7, 11] . Such tools have enabled multiple research groups, independently and in collaboration, to systematically study the functional organization of the songbird brain and its genomic response to a variety of conditions, including sensory experience, hormonal mani pulations and sensorymotor learning. The out comes of this research have been blossoming into exciting recent advances, including, but not limited to, insights into the estradiolsynthetic pathway [14] , the repertoire of proteases (the 'degradome') [15] and the collection of neuropeptide prohormones and their processed peptides (the neuropeptidome) [16] . These efforts have revealed key information on genes related to steroid receptors and estrogen biosynthesis [14] , insights into how proteases may shape neuronal func tional, immunological and developmental processes [15] , as well as the identity and expression patterns of an array of neuropeptides thought to be involved in the development and functionality of brain circuits involved in vocal communication [16] .
Over the next few years these efforts will contribute to an integrative understanding of how the songbird genomic machinery responds to environmental and physio logical challenges and, more broadly, how the songbird brain is functionally organized. In addition, active research in these areas is expected to shed light on basic biological and evolutionary principles in vertebrates. The importance of a complete understanding of the songbird transcriptome is highlighted by ongoing, contiguous research ventures aimed at creating a songbird gene expression brain atlas. Finally, the study of songbird biology is reaching an exciting era with the convergence of the genomic resources detailed above and the successful development of transgenic zebra finches using a lentiviralvector approach [17] . This interface will provide a unique opportunity for songbird biologists to test causal relationships between the induction of gene expression programs, altered cellular physiology and their behavioral correlates.
Resources for exploring the sequence and annotation data are available on browser displays at UCSC [18] , Ensembl and the NCBI and at [19] .
